The structure of the tissue forming the atrioventricular node of the rabbit heart was studied with the light and the electron microscope. The observations were correlated and compared with the electrophysiological properties of the region. A technique was developed which allows identification of tissue examined by microscopy with that examined.using microelectrode techniques to within 0.5 mm. Although the cells which form the connecting neck between the atrial tissue and the His bundle are basically muscle cells, their development has led to tissue structure different from that of the remaining myocardium. This tissue often displayed structural characteristics similar to those observed in pathological skeletal and cardiac muscle. Variation in the abundance of "tight" intercellular junctions in the region of the node were noted. The possible significance of the morphological characteristics in terms of electrical impulse transmission is discussed, and some tentative suggestions are made concerning the mechanisms by which the slow impulse conduction is effected in this region.
• It has long been established that the tissue in the vicinity of the atrioventricular (A-V) node of the mammalian heart possesses specialized electrophysiological properties. The electrical depolarization initiated in the region of the sino-atrial (S-A) node travels outwards from that small area and eventually reaches the A-V nodal area. The impulse is transmitted much more slowly through a part of this latter region than it is elsewhere. In the rabbit heart, for example, its velocity is as low as 0.02 m/sec over a distance of less than 1 mm. Having passed through this region, the depolarization impulse reaches the bundle of His, where it assumes a faster velocity (approximately 1 m/sec) and is transmitted to all parts of the ventricular myocardium via the Purkinje conduction system (1) .
Extensive electrophysiological studies have been carried out on dissected hearts using both extracellular and intracellular microelectrodes (for extended review see reference 1) leading to the establishment of a fairly comprehensive picture of the changes in velocity, amplitude, and shape of the transmitted action potential of the A-V nodal region along with the effect of drugs on this tissue. Also extensive studies of this nodal area have been carried out recently with the light microscope, and these have provided an extensive description of the variation in the cellular morphology in the region of the A-V node (2) (3) (4) (5) (6) . However, there appear to have been few attempts to correlate these two types of study with any degree of precision; in particular, it has not hitherto been possible to say exactly where the cells being described lie with respect to the peculiar physiological properties demonstrated by the A-V node. This situation has led to differences in the meaning of the term "A-V node" as it is used by anatomists and by electrophysiologists. It was the aim of the present study to correlate as precisely as possible the ultrastructure of the cells of the A-V nodal region with their electrical properties, in the hope of providing information on the relationship between the cellular and subcellular structure and the peculiar functional role assumed by this tissue. Before this could proceed, it was necessary to establish the relationship between the structure at the magnification provided by the light microscope and the demonstrated electrophysiological properties. This required the development of techniques (7) that could be readily extended for use in electron microscopy without serious loss of ultrastructural detail. The present paper describes the results of these studies. The possible significance of the ultrastructure of the node in relation to its electrical properties is discussed.
Methods and Materials
The heart of the rabbit was prepared for electrophysiological study by the method of Hoffman et al. (8) and Paes de Carvalho et al. (9) . Young adult rabbits were anesthetized with sodium pentobarbital (Nembutal), 40 mg/kg, ip. The hearts were excised and placed in warm modified Tyrode's solution (9) and aerated with 95% O 2 -5% CO 2 gas mixture. Tissue from this preparation was then treated in one of three ways: (1) fixed in bulk and then, after hardening, dissected further into smaller samples which were fixed again and embedded for histological study, (2) dissected immediately into smaller samples, which were then fixed and embedded for microscopy, or (3) pinned out on a foam plastic board and the physiological properties of the cells investigated by microelectrode techniques, after which selected regions (see below) were fixed and embedded for histological investigation.
Standard techniques were employed for the preparation of micropipettes, which were filled with 3M KC1 and coupled through a high input resistance and neutralized input capacitance preamplifier to a storage oscilloscope ( Fig. 1) . The following is a summary of the procedures used to locate areas of known electrophysiological properties for microscopy.
Step I.-The microelectrode was manipulated so that the tip was immediately above the tissue of interest and just below the surface of the physiological saline. The d-c tip resistance was measured, and electrodes of resistance of 10 to 100 megohms were selected. In the test position ( Fig. 1 ) a rectangular pulse train was made to drive the physiological saline by connecting the stainless steel bowl to the calibration output of the storage oscilloscope. With the usual reserva- Top: Schematic drawing of the experimental arrangement and the apparatus used for intracellular recording, a = Input capacitance neutralization preamplifier; o = storage oscilloscope; c =: calibrator output of oscilloscope; m = microelectrode; p = petri dish, foam plastic board, and biological preparation; s = stainless steel bowl; r = removal ports for physiological saline. The stainless steel bowl serves the dual purpose of making good electrical contact with the saline and of conducting the heat to the saline from the warm bath in which it is immersed. Bottom: A typical recording. The zero of potential, the voltage calibration (upper trace) and the R-C distortion are measured simultaneously. In this example the calibration pulse is a 50-mv, 60-cycle signal, recorded at S msec per (large) division. The action potential (lower trace) is from the region of the A-V node designated as NH and was recorded at 100 msec per (large) division.
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tions, the zero of potential and the voltage calibration of the electrode and amplification system in use were established. The resultant trace was then stored on the oscilloscope screen.
Step 2.-A single cell was impaled in a region of likely interest ( Fig. 1) , immediately after calibration, and the resultant transmembrane potential was stored on the oscilloscope screen.
Step 3.-One of two procedures was used to mark the position identified in Step 2. Sometimes the pipette was left in the recording position or, alternatively, it was forced down so that the shaft segment which precedes the tip penetrated into the endocardial surface. The physiological solution was then drained from the petri dish ( Fig. 1 ) and replaced with fixative.
Step 4.
-After 30 to 60 minutes of bulk fixation in the recording position, the tip of the micropipette was broken, leaving a small piece of shaft protruding from the tissue. Alternatively, following the bulk fixation the electrode was removed, leaving a hole of size 15 to 150/A in the endocardial surface.
Step 5.-Smaller blocks of the now relatively firm tissue were then dissected around the protruding glass pipette or the cavity left by the pipette. Dissection sometimes provided a relatively long (6 mm) strip of tissue with the pipette mark at some known position in the strip (Figs. 3 and 5). On other occasions small blocks of less than 1 mm 3 were dissected from the immediate vicinity of the pipette mark.
Tissue identification with respect to the physiological recording was achieved by locating the pipette tip (or the fixed cavity shaft left by the pipette) by cutting serial sections, which were subsequently examined by light microscopy. Sometimes the cavity resulting from the insertion of the micropipette could be identified even with the electron microscope, although this degree of accuracy was seldom sought. The technique is an extension of that used by Trautwein and Uchizono (10) and Challice (11) on other areas in the heart and provides a greater degree of reliability in the identification of specific regions for electron microscopy than that obtained by the earlier methods.
Results of electron microscopy demonstrated that during the time necessary to accomplish the electrical measurements a certain deterioration of the tissue occurred, even though it became possible, with practice, to accomplish steps 1 and 3 within a few minutes, and it never took longer than 15 minutes. The extent of this artifact is reviewed in the Discussion.
It was possible to cut, alternately from the same block of tissue, series of sections approximately lfi thick for light microscopy and ultrathin sections suitable for electron microscopy.
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Tissue was prepared for microscopy either by fixing the atrium in bulk and dissecting smaller blocks from the relatively firm tissue or dissecting the smaller blocks from fresh tissue immediately. Both procedures could be performed either on a fresh heart or on tissue which had been subject to the treatment outlined in the 'previous paragraphs. The familiar landmarks of the endocardial surface of the right atrium allowed identification of the region of interest to within approximately 1 mm. Tissue which was identified by inspection could thus be compared with tissue which had been positively identified by cellular electrophysiology. Since sections for both light and electron microscopy were prepared from the same block of tissue, comparison could be achieved at both these levels.
The fixative used was a 4 to 6% buffered mixture of glutaraldehyde or a similarly buffered mixture of glutaraldehyde and acrolein (12) . In open vessels, like those necessitated by the above methods, the former fixative was used because of the excessively strong fumes associated with acrolein. The smaller blocks dissected from the tissue fixed in bulk were fixed in glutaraldehyde-acrolein mixture for an additional 1 to 2 hours. The tissue was then washed, fixed in 2% buffered solution of osmium tetroxide, dehydrated, and embedded in an epoxy resin (13) . After trimming, the blocks were sectioned for light microscopy (sections from 0.5 to 2jU. thick) or for electron microscopy (sections 600 A thick or less) using either• LKB 4800 or on a Reichert OmU2 ultramicrotome and glass knives. It was possible to obtain sections as large as 0.5 mm 2 for light microscopy, although the sections improved in quality when smaller areas were used. Large-area sections 1/x thick were stained using a 1% aqueous solution of toluidine blue at high pH, using the method of Meek (described by Meek in the discussion of a paper by Mercer [14] ). For electron microscopy, the sections were mounted on uncoated, 400 lines/inch copper grids and stained with lead-uranyl acetate. The average section thickness was approximately 500 A. The microscope used was a Siemens Elmiskop I.
Results

LIGHT MICROSCOPY
The technique used provided photomicrographs of serial sections obtained from the oriented strips of tissue from which a threedimensional picture of the distribution of tissue in the vicinity of the A-V node was constructed. The staining of these sections with toluidine blue showed differentiation among several types of atrial tissue. Figure 2 shows 
and the overlay cells, b: Transitional cells which lie immediately beneath the overlay cells shown in a. c: Nodal cells (beneath the diagonal from the bottom left to the top right of the photograph) lying below sparsely distributed overlay cells. This photomicrograph is from a section between zones 4 and 5 in Figures 3 and 4. d: Nodal cells, adjacent to fatty tissue (bottom left corner).
examples of the light micrographs. The dark "overlay" atrial muscle, "transitional" atrial muscle, "nodal" tissue, and fatty tissue have been defined in addition to the collagenous surface of the right atrial endocardium. The criterion used for the classification of nodal tissue was the relatively pale and disordered appearance of this muscle compared with other myocardial tissue. On this basis, Figures 3 through 7 were constructed. The term "nodal" used in these figures-reflects the eventual identification of this tissue with the functional A-V node described later.
The entire endocardial surface of the region of the A-V node has been shown to be covered by a layer of collagen and fibrocytes ( Fig. 2, a ). This layer is as thick as 0.06 mm in some areas. In general, it becomes thinner as the fibrous annulus is approached from the atrial side. Immediately beneath this layer, dark staining atrial muscle fibers, averaging approximately 10/u, in diameter, form tracts of tissue several cell-layers deep (Fig. 2, a) . These fiber tracts are those designated as the "overlay" since they form a loose muscular covering over other atrial and nodal tissues. The overlay fibers usually run approximately perpendicular to the fibrous annulus but sometimes approach a parallel alignment with the annulus near the latter. Occasionally, relatively large pale muscle cells were observed within the overlay. These cells appeared to form an integral part of the tissue which comprises this structure and were more abundant several millimeters distant from the annulus where the overlay tended to be thicker than elsewhere. Closer to the annulus the overlay appeared to terminate, giving way to fatty tissue and collagen-muscle cells became progressively more sparse and a definite discontinuity between the overlay and the muscular tissue of the ventricular septum was demonstrated. Occasionally, the overlay fibers appeared to make contact with the atrial or nodal tissue beneath it, although in general they represented a structurally distinct group of cells.
A loosely applied collection of cells ( Fig.  2, b) , each slightly larger than the average overlay cell, was occasionally observed beneath the overlay, several millimeters distant from the annulus (Fig. 3 ). This group of muscle fibers was normally found to the left of the mouth of the left superior vena cava ( Fig. 3 ). It was sometimes as great as several tenths of a millimeter thick, and it impinged frontally on nodal tissue 2 to 3 mm from the fibrous annulus. Muscle cells in this group of tissue were distinguished from other atrial Top: A schematic drawing of the region of the A-V node of the rabbit heart. The orifice of the left superior vena cava (LSVC) contains the coronary sinus to which the A-V node is usually related. In addition to other familiar landmarks of this region, the fibrous annulus (FA) and the line (L) along which the septal cusp of the tricuspid valve leaves the surface of the septum are shown. By making a cut, parallel to the one indicated in this figure, about 1 mm distant, the strip of tissue shown in the lower diagram is obtained. Bottom: A schematic drawing of the strip of tissue referred to above. Representative planes are indicated from serial sections of this strip. The fibrous annulus (FA) and the line (L) along which the septal cusp of the tricuspid valve leaves the surface are shown, along with their relation to the mitral valve. The atrial septum is not entirely composed of muscular tissue (see Fig. 4 ). Strips of tissue similar to this one may be taken by inspection or located with respect to a cellular electrical recording.
FIGURE 4
Schematic drawings of the distribution of tissue in the planes indicated in Figure 3 . The classification of the tissue in zones 1 through 9 is made on the basis of examination of toluidine bluestained sections (e.g., Fig. 2 ) under the criteria discussed in Results. cells chiefly by their layered and orderly appearance, and by the fact that ordinarily they were observed singly within a collagen framework. Muscle cells classified as atrial in Figures 4 and 5 demonstrated approximately the same staining characteristics as the transitional cells, but they were more tightly packed than the latter. Transitional muscle cells were less clearly differentiated from atrial muscle cells in the regions toward the right of the orifice of the left superior vena cava.
Atrial muscle cells along the left endocardial surface occasionally presented a slightly different appearance from those in either the overlay, the transitional, or the central regions. They appeared more individual, and relatively paler, than other cells of the atrial myocardium. The observation led to the two classifications of the "atrial" myocardium given in Figures 4 and 5. They have been grouped together in this manner because of the similarity of the central atrial muscle cells to those cells along the left endocardial surface, as was revealed in the electron microscopical studies.
Along the entire front of the septal region, approximately 2 to 3 mm from the fibrous annulus and directly beneath the overlay, tissue significantly different from that of the surrounding myocardium was observed (Fig.  2, c and d) . It is to muscle of this general appearance that the term "nodal" has been applied. The variation in depth and the general distribution of this nodal tissue is described in A schematic drawing of a strip of tissue, taken to the right of the one shown in Figure 3 . (AS and VS denote the atrial and ventricular septa, respectively). The planes selected for demonstration along this strip are also shown. Zones 3 and 5 were localized by the micromarking technique described in Methods and Materials. Zone 3 represents the first occurrence of action potentials of the functional A-V node (namely the AN pulse) as one approaches the annulus from the atrial side. Zone 5 was localized with respect to an N pulse recorded there. In both instances the electrical measurements were taken from distances greater than 0.1 mm below the surface of the endocardium of the right atrium. (For key see Fig. 4 ).
septum (at this point composed primarily of nodal tissue) was observed to become quite thin. In some regions, for example that of zone 4 in Figure 5 , the septum was less than 0.15 mm thick. In other regions the narrowness may have been due to the presence of quantities of fatty tissue, over which the conducting nodal muscle lies (as for example in zone 4, Fig. 4 ). On the basis of the staining techniques employed for light microscopy, it was not possible to subdivide the nodal tissue further.
In the blocks, nodal tissue was seen to extend as deep as 0.4 mm beneath the overlay. It appears either to terminate in the fatty tissue of the fibrous annulus or to form a channel of muscle along the crest of the ventricular septum, superficial to the annulus. The nodal tissue appeared to mingle with the various types of atrial muscle in different ways. A summary of this admixture appears in Figures 4 and 5 .
The fibrous annulus is composed of a collagenous wall that appeared to give origin to the septal cusp of the mitral valve (Figs. 3 and 5). Fatty tissue was observed to lie in quantity in the atrium, either beneath the conducting muscle or in the vicinity of the annulus. Along the septal regions examined in the present study, the separation of the muscular tissue of the atrium and the muscular tissue of the ventricle was found to be complete.
Toward the right of the floor of the left superior vena cava, the nodal tissue appeared to form a continuous channel of muscle along the crest of the ventricular septum, superior to the fibrous annulus. This channel of tissue takes its origin from a "node" of muscle ( Fig. 6 ) separated from the atrium anterior to it by collagenous and fatty tissue.
These results were obtained from strips of tissue identified either electrophysiologically or by inspection and comparison with tissue identified by electrophysiological study. Smaller volumes of tissue, taken in either of these two ways, corroborated the general picture presented in Figures 3 through 6.
CORRELATION OF LIGHT MICROSCOPY AND CELLULAR ELECTROPHYSIOLOGY
The transition of atrial muscle (including the transitional cells) to nodal muscle, as indicated in Figures 3 through 5 , was found to occur at the physiological border defining the A and the AN regions of Paes de Carvalho (15) . The technique allowed the estab- 
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FIGURE 6
A schematic drawing of a strip of tissue taken to the right of the one shown in Figure 5 . A node of tissue (N) is formed which is easily distinguished in light microscope sections. N is equivalent to d in Figure 7 . Cells in this region are nodal in the sense of Figure 2 . Leaving the inferior margins of N, a group of muscle fibers are observed to course (into the diagram) along the crest of the ventricular septum. They differ from the surrounding muscle by their pale appearance after the toluidine blue staining procedure. This latter group of fibers is indicated in Figure 7 as region e. lishment of correspondence between the anatomical and the physiological borders to within less than 500//,. Within the limits of this half-millimeter, anatomical transitions occurred in less than 200//,, at a particular level beneath the endocardial surface. Neither physiological nor anatomical zones appeared to end in planes perpendicular to the endocardial surface. Thus, zone 2 in Figure 5 was located as the region wherein the first action potential similar to that of the AN region was observed, proceeding from the floor of the left superior vena cava toward the fibrous annulus. The anatomical transition occurred more rapidly. The initial definition of the physiological transition itself was not obtained with the same degree of resolution.
The physiological A-V node (defined by the characteristic AN, N, and NH action potentials) was found to correspond to the anatomical nodal region of Figures 2 through 6. This region and the physiological ventricle (defined by quiescent rest potentials) were shown to be separated by less than 200/x of the collagenous and fatty material of the !Ventricular cells immediately posterior to the annulus in the nodal region which demonstrate normal rest potentials but do not propagate action potentials in the preparation described in Methods and Materials.
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annulus. The physiological His bundle (defined by the characteristic action potentials of the H region) corresponds to the muscular channel described above. This channel is separated by less than 200//, of collagenous and fatty material from cells demonstrating action potentials of the A region along its anterior border and from quiescent ventricular cells along its posterior border. •
ELECTRON MICROSCOPY
Electron microscopy was carried out on all of the regions described by light microscopy. Figure 7 represents a structural division of the tissue of the A-V node which lies immediately beneath the overlay. Five regions are labeled on the basis of ultrastructural observations. Using the light microscope, regions b, c, and d are not distinguished but appear as the nodal muscle in the context of Figures 4 and 5 .
The following descriptions of the regions designated in Figure 7 are based on the evidence of a large number of electron micrographs of sections of the respective regions. A schematic drawing of the described morphological regions which lie beneath the overlay (refer to Figs.  4 and 5) . The drawing is based on the characteristic structure of the muscle tissue in this area as revealed by electron microscopical studies. In the light microscopical study, regions b, c, and d are not differentiated but appear as a single subdivision. FO denotes the fossa ovalis, LSVC to the left superior vena cava, FA the fibrous annulus, and L the line along which the septa! cusp of the tricuspid valve leaves the surface of the ventricular septum. intercellular relationships which predominate in the respective regions.
Region a (Figure 8)
Intercellular Relationships.-The nexus structure is a regularly observed feature between the muscle cells of this region. It may appear only for a brief interval or it may form long, complex, and apparently intimate contact between cells. The structure itself suggests a modification of the abutting cell membranes. It is present in both lateral and end-to-end cellular junctions. The desmosome structure is also regularly observed and appears to be structurally related to the nexus and to the cell membrane. When cell membranes closely abut, either the nexus, the desmosome, or the insertion plaque is formed.
Intracellular Structures.-The cytoplasm is occupied primarily with myofibrillar structures and mitochondria. The former appear to be well-formed and display the usual features of these units. Sarcoplasmic reticulum is not observed. A substance resembling that associated with the Z band of sarcomeres is found distributed along the inner periphery of some cells. Z bands, insertion plaques, and desmosomes appear to be structurally related through a proliferation of this substance.
Extracellular Space.-Myelinated and unmyelinated nerve fibers are observed only rarely. The nerve axons lie adjacent to the muscle cells of this region and are not observed to make synaptic contact with them. Collagen appears in extracellular space but only in relatively small amounts.
Region b
Cells in this region are in most respects similar to those in a. They differ primarily in their reduced size, marked intertwining, and a qualitative decrease in the presence of extensive nexus between cells. In cross section they are seldom seen to form close association with one another.
Region c (Figure 9)
Intercellular Relationships.-Adjacent cell membranes may lie closely apposed, with a minimum of extracellular material between them, apparently without forming the nexus structure. In general, the intercellular relationships are ill-defined.
Intracellular Structures.-Myofibrillar units, in the cells of this region, are at best approximated, and unorganized filamentous material is commonly seen in the cytoplasm. Large deposits of glycogen granules are frequently observed. The ill-defined Z band of the sarcomere unit may be proliferated. A substance structurally similar to the substance of the Z band is regularly deposited along the inner wall of cell membranes. This material appears to be related to the insertion plaques, the desmosomes, 2 and the Z bands of the sarcomere unit. In general, there is a structural relationship between the Z-like substance and the filamentous material of the cytoplasm. A recognizable sarcoplasmic reticulum was not seen in cells of this region.
Extracellular Space.-Single, unmyelinated nerve axons may lie adjacent to muscle cells. In some cases these nerve fibers appear to be completely enclosed by the muscle cells of this region although synaptic junctions were not seen. Collagen is frequently seen in the interspace between cells.
Region d (Figure 10)
Intercellular Relationships.-Structural relationships between cells are well-defined compared with those of region c. Adjacent cell membranes may lie in close apposition, apparently to the exclusion of any intercellular space without forming a nexus structure. The nexus is encountered less frequently as region d is approached from the atrial side and was not observed at all in the posterior portions of d. Insertion plaques and desmosomes are observed; occasionally these structures appear to be only partially formed. The Z-like substance of which they are composed may be proliferated.
A N FIGURE 8
An electron micrograph from the tissue labeled transitional in Figure 4 , taken from a section approximately parallel to the fibrous annulus, 0.15 mm below the endocardial surface. The micrograph is therefore from the left lower portion of region a in Figure 7 . The bar denotes In, and the inset shows the nexus structure (N) at a higher magnification (180,000 X)-v mi • * • > .
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IGURE 9
An electron micrograph from the nodal muscle of Figure 4 , in the region of zone 7, from a section approximately parallel to the fibrous annulus and 0.1 mm below the endocardial surface. The micrograph is therefore from the central portion of region c in Figure 7 . The bar denotes lp.
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FIGURE 10
An electron micrograph from the tissue labeled nodal in Figure 4 , in the region of zone 8, from a section approximately parallel to the fibrous annulus and 0.1 mm below the endocardial surface. The micrograph is therefore in the lower left portion of region d in Figure 7 . A denotes the apposition of two cells and should be contrasted with the intercellular nexus structure of region a (in the inset at equal magnification). The bars denote In- •.$
FIGURE 11
An electron micrograph from region e in Figure 7 , approximately perpendicular to the fibrous annulus and 0.25 mm below the endocardial surface. A nexus structure (N) is seen joining two cells. The bar denotes l/i. Intracellular Structures.-The myofibrillar architecture is poor by comparison with region a but good by comparison with region c. A substance similar to the Z bands is frequently seen in the cytoplasm. It would appear to be related to the material of the Z bands, the desmosomes, the insertion plaques, and to the cell membranes in this region. The sarcoplasmic reticulum is poorly developed in comparison with the cells of region e but appears well-developed when compared with the cells of regions a, b, and c. Deposits of glycogen granules are frequently observed in the cytoplasm.
Extracellular Space.-Unmyelinated nerve axons are frequently observed in the interspace between cells. Occasionally a single nerve axon appears enfolded by a muscle cell of this region. Collagen fibers are frequently encountered in extracellular space. Figure 11) Intercellular Relationships.-In this region cell contours are characterized by an invagination of the membrane at the level of the Z bands of the myofibrils. Intercellular structures include insertion plaques, desmosomes, and profuse nexus-like structures. The latter may form long, complex, and apparently intimate joins between neighboring cells. These include lateral as well as end-to-end connections. When cell membranes lie in close apposition, one of the above intercellular structures is present.
Region e (
Intracellular Structures.-Myofibrillar structures have a characteristic appearance. They are relatively well-formed compared with those of region c but poorly formed compared with the analogous structure in region a. Occasionally random filamentous material is present in the cytoplasm. A proliferation of the Z substance is not evident. Glycogen granules are frequently observed in the cytoplasm, and the sarcoplasmic reticulum is more fully developed in this region than in any other. Cytomembranous elements can make peripheral contact with the cell membrane. axons are seen lying adjacent to muscle cells; no structural contact between the two has been observed. Collagen. is often found in abundance in the interspace between cells.
CORRELATION OF ELECTRON MICROSCOPY AND CELLULAR ELECTROPHYSIOLOGY
The anatomical border between regions a and b of Figure 7 , as revealed by the studies presented above, corresponds to the physiological border between the A and AN regions to within 500/JL. The uncertainty in the correlation is primarily due to an initial lack of definition in the physiological measurement.
Cells which were described in the previous section as being representative of region a (Fig. 7 ) demonstrate action potentials of the A region. Cells which were described as being representative of region b demonstrate action potentials of the AN region. Correlation within regions a and b was achieved to within 100/i.. Degraded action potentials, i.e., those of the N region (15) , are observed from cells which were described in the previous section as being representative of region c and region d (Fig. 7) .
Impulses similar to those of the NH region were also found in the tissue of regions c and d. The resolution of the correlation experiments was insufficient to decide whether anatomically distinct N and NH regions exist.
Cells of the region designated e were found to demonstrate action potentials of the H region. The physiological border between the N-NH region (undistinguished in the present study) and the H region corresponds to the anatomical border to within 500/A. The uncertainty is largely due to the initial physiological measurement.
Discussion
LIGHT MICROSCOPY
The overlay cells have been seen to form distinct tracts of muscle which have been here taken to correspond with the "endocardial layers of atrial muscle" described by Truex and Smythe • (5) for the nodal region of the human heart. Relatively large cells, which after toluidine blue staining appeared pale under the light microscope, were found in the overlay. These usually appeared to be immersed in more darkly stained fibers. It seems reasonable to suggest that these cells form a part of the nodal bypass tracts which have recently been described by James for the rabbit A-V node and other mammals (2) (3) (4) . However, a careful survey of the distribution of these cells has not been undertaken, and proof of the above identifications cannot therefore be claimed.
One of the most significant observations on this overlay system is believed to be its apparent consistent termination in the region of the fibrous annulus. This makes it virtually impossible for the A-V cardiac impulse to be transmitted through these cells to their counterparts posterior to the annulus. Furthermore, muscle cells of the overlay make contact with the cells which lie immediately beneath them only intermittently. Thus this tissue may be functionally distinct from the cells which form a continuous path through the A-V nodal region and therefore does not contribute materially to the conduction of the electrical impulse from the atrial to the ventricular myocardium.
Beneath the overlay cells the pattern of tissue shown in Figure 7 is seen. Region a gives rise to action potentials of the A region and is therefore described functionally as the prenodal atrium. Regions b, c, and d, undistinguished when the light microscope is used, give rise to action potentials of the AN, N, and NH regions, respectively. It is therefore described as the functional node and becomes the region in which the primary portion of A-V delay occurs. Postnodal tissue designated e gives rise to action potentials of the H region.
All of the tissues described in Figure 7 are bounded above by the overlay and below by either fatty tissue, atrial muscle cells, or collagen ( Figs. 4 and 5) . Regions b, c, and d are referred to collectively as nodal tissue in these figures, reflecting their identification given above. In this usage, nodal is both a specific anatomical and a specific physiological term, and the previously existing con-fusion can be eliminated. That tissue described as nodal forms a channel of specialized muscle through which the electrical signal between the atria and the ventricular chambers must pass.
Region d (Fig. 7) corresponds with that described by previous authors (2-5) as the anatomical node. This identification has befin made on the basis of the appearance of the tissue of this region, by light and electron microscopy, with the tissue described by James (4) and Torii (17), respectively. Therefore, on the basis of the present study, the previously described anatomical node forms a part, but only a part, of the functional node described by Truex and Smythe (5) .
The concept of the fibrous annulus as an electrical insulator between the atrial and ventricular chambers is supported by the observation that the ventricular cells lying immediately posterior to the, annulus are electrically independent of the cells of the functional node. This corroborates the idea that the musculature of the functional A-V node and that of the His bundle represent the only pathway by which excitation may spread from the atrial to the ventricular chambers. The concept of an "electrical channel" is an essential one if the tissue of the functional node is to play a unique role in A-V conduction and, in particular, in producing a delay in the transmission of the cardiac impulse.
The results of light microscopy thus provide a morphological picture of the functional and anatomical A-V node of the rabbit heart and provide the foundation on which the relationship between the cellular ultrastructure and electrophysiological properties can be studied.
ELECTRON MICROSCOPY
Although the correlation studies reported here could clearly be refined even further, they represent an appreciable advance over the information previously available in terms of the identity established between the electrophysiological and ultrastructural properties. A general picture of the inter-and intracellular changes as the A-V node of the rabbit
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heart is traversed is presented.
Some micrographs of the tissue prepared following electrophysiological study showed signs of prefixation deterioration. Mitochondria were sometimes swollen, but at least in the atrial and His bundle regions, the intercellular junctions appeared well preserved. In the nodal region the sarcolemma sometimes appeared to lack definition, even in the tissue prepared without physiological study. Further work is in progress to establish whether these observations do represent postmortem prefixation changes.
The following are put forward as salient features of the microstructure of the tissue of the A-V nodal region.
(1). The cross-sectional area of the cells of the functional node was generally smaller than that of the prenodal or postnodal regions. This feature was best seen with the light microscope.
(2). There was a variation in intercellular relationship as the node was traversed. In particular, the nexus (or tight junction) was common and extended in the prenodal atrium, becoming more scarce as .the node was entered, with the lowest frequency of observation being in regions demonstrating N or NH action potentials. The nexus again became a regular feature of intercellular relationship in the His bundle. This variation in occurrence applied to both lateral and end-to-end apposition of cells where there was a recognizable cellular axis.
(3). The change in degree of cellular organization as the region is traversed is probably the most striking observation in the present study. As the node is entered, there is a progressive change from a well-ordered myofibrillar structure, with the cell full of definitive inclusions, to one in which differentiation is scarcely recognizable. The morphology is in many ways similar to that characteristic of embryonic heart cells (18) or skeletal muscle cells recovering from disease (19) . In these disordered cells there appeared to be a tendency for filamentous material, structurally similar to that associated Circulation Research, Vol. XXIV, March 1969 with the Z band, to accumulate around the inside of the sarcolemma.
ELECTRICAL CONDUCTION WITHIN THE NODE
The present study has provided a degree of correlation between tissue micromorphology and cellular electrical properties. Such a study cannot demonstrate with any reliability the features which give the tissue its peculiar electrical properties, but on the basis of electrical theory one may cite some cellular features which might be expected to contribute to the observed properties, and then examine to what degree the present morphological observations demonstrate the presence of these features. Three such features may be cited:
(1). It has been established that in muscle cells the greater the cellular diameter the greater the velocity of propagation of the electrical impulse (20) .
(2). The type of structural coupling between cells would be expected to contribute to the speed of propagation. The studies by Loewenstein (21) have demonstrated that the existence of a "tight" junction, in which the plasma membranes of apposing cells fuse to form a single structural unit, markedly increases both intercellular permeability and intercellular electrical conductance. The tight junction in Loewenstein's studies, which were made primarily on epithelial cells, presumably corresponds with the nexus in heart muscle cells (22) . From the electrical point of view, cells joined by tight or nexus junctions may be thought of as an electrical syncytium in which the cellular abutment would offer no appreciable barrier to the passage of an electrical impulse (23).
(3). Changes in the electrical characteristics of the cellular membrane itself would be expected to alter the speed of propagation (24) . In the case of cardiac muscle cells this would correspond to changes in the sarcolemma.
The present morphological findings would be consistent with all three of these possibilities being involved in producing the observed electrical properties of the A-V node, namely, a delay in the propagation of the cardiac impulse. The nodal cells are generally smaller in cross section, and a sparsity or absence of the nexus has been observed. The sparsity of nexus connections between laterally aligned cells might be expected to add to the diameter effect also, since the presence of lateral connections in the aerial and His bundle cells would lead to a greater effective cellular diameter in that tissue. The third possibility represents a more complex problem on which the present study can provide only the most indirect evidence. The undifferentiated nature of the cellular organization, together with the apparent preferential location of fibrous material adjacent to the sarcolemma, could be associated with different cellular transmembrane properties in the node. However, the conduction of the impulse over this region by purely passive electrical processes (i.e., decremental conduction) is difficult to envisage, since A-V nodal cells themselves demonstrate spontaneous depolarization under certain conditions.
